Background: Vein graft failure due to neointimal hyperplasia remains an important and unresolved complication of cardiovascular surgery. microRNA-21 (miR-21) plays a major role in regulating vascular smooth muscle cell (VSMC) proliferation and phenotype transformation. Thus, the purpose of this study was to determine whether adenovirus-mediated miR-21 sponge gene therapy was able to inhibit neointimal hyperplasia in rat vein grafts. Methods: Adenovirus-mediated miR-21 sponge was used to inhibit VSMC proliferation in vitro and neointimal formation in vivo. To improve efficiency of delivery gene transfer to the vein grafts, 20% poloxamer F-127 gel was used to increase virus contact time and 0.25% trypsin to increase virus penetration. Morphometric analyses and cellular proliferation were assessed for neointimal hyperplasia and VSMC proliferation. Results: miR-21 sponge can significantly decrease the expression of miR-21 and proliferation in cultured VSMCs. Cellular proliferation rates were significantly reduced in miR-21 sponge-treated grafts compared with controls at 28 days after bypass surgery (14.6±9.4 vs 34.9±10.8%, P=0.0032). miR-21 sponge gene transfer therapy reduced the intimal/media area ratio in vein grafts compared with the controls (1.38±0.08 vs. 0.6±0.10, P<0.0001). miR-21 sponge treatment also improved vein graft hemodynamics. We further identified that phosphatase and tensin homolog (PTEN) is a potential target gene that was involved in the miR-21-mediated effect on neointimal hyperplasia in vein grafts. Conclusions: Adenovirus-mediated miR-21 sponge gene therapy effectively reduced neointimal formation in vein grafts. These results suggest that there is potential for miR-21 sponge to be used to prevent vein graft failure.
Introduction
Vein graft failure of coronary artery bypass grafting occurs as a result of neointimal hyperplasia, which is characterized by the proliferation and migration of vascular smooth muscle cells (VSMC) [1] .
Gene therapy has generated interest as a potential therapeutic alternative for the treatment and prevention of neointimal hyperplasia. Vein grafts are ideally suited to gene therapy due to the short time window (approximately 40-60 min) prior to graft, during which the vein grafts are maintained ex vivo to minimize the risk of systemic exposure. Numerous preclinical studies and clinical trials have documented the potential to prevent neointimal formation by inhibiting VSMC proliferation and migration [2] [3] [4] [5] .
Increasing evidence indicates that microRNAs (miRNAs) regulate key genetic programs in cardiovascular biology, physiology and disease. Several experimental studies have evaluated the role and translational therapeutic potential of miRNAs in the regulation of VSMC phenotype and neointimal formation [6] [7] [8] [9] [10] . Among the miRNAs dysregulated in the vascular wall with neointimal formation, miR-21 has been implicated in VSMC proliferation via the target genes phosphatase and tensin homolog (PTEN) [11] . miR-21 is up-regulated in the vascular walls with neointimal formation following carotid artery balloon injury, and its down-regulation decreases neointima formation. miR-21 up-regulation by repetitive ischemia correlates with excessive cell proliferation in metabolic syndrome and miR-21 down-regulation blocks cell proliferation [12] . Inhibition of miR-21 reduces in-stent restenosis in animals [13] . However, whether miR-21 is involved in regulation of neointimal lesion formation in vein grafts has not been investigated.
The previous studies prompted us to determine whether miR-21 may be used as a novel gene therapeutic approach for the prevention of vein graft failure by inhibiting neointimal formation.
Recent studies have reported that miRNA sponges are valuable tools to induce miRNA loss-of-function in in vitro and in vivo studies in cell lines and transgenic organisms over extended durations [14, 15] . miRNA sponges contain multiple tandem complementary miRNA antisense binding sites (MBS) for an miRNA of interest, and are an innovative approach used to sequester miRNAs from their endogenous targets [15] . Viral vectors may be used for miRNA sponge-based therapy by producing a high level of prolonged expression of the sponge, and by providing an efficient method for in vivo delivery [16] .
Therefore, the aim of the present study was to determine whether miR-21 sponge therapy is a useful novel gene therapeutic approach for the prevention of vein graft failure by inhibiting neointimal hyperplasia, using adenovirus (Ad)-mediated gene transfer. In addition, to enhance the efficiency of Ad-mediated gene transfer to the vein graft surface, we used poloxamer F-127 gel to increase viral contact time, and a low concentration of trypsin to increase viral penetration.
Methods

miRNA sponge design
The basic approach for miRNA sponge design was performed as described in our previous studies [17] (Fig. 1A) . Briefly, oligonucleotides were designed with two identical MBS, but each MBS mismatches in the middle portion to create a bulge at positions 9-12 of the miR-21 sequence (Fig. 1B) . The two MBS were separated by a short 4 nucleotide sequence (AATT). The 5' and 3' ends of the oligonucleotide duplex consist of overhangs that are compatible with the PpuMI restriction endonuclease. Furthermore, the PpuMI restriction endonuclease on the left of the MBS was modified (Fig. 1B) to allow for flexibility in potential further directional subcloning.
To enable directional cloning of the oligonucleotide duplexes, the linker was inserted in the adenovirus vector. The linker design was used to introduce a PpuMI restriction enzyme recognition site in the Ad. A 5' PspXI site and a 3' BglII site were added to the ends of the linker for efficient directional subcloning (Fig. 1C) . By ligation of oligonucleotide duplexes with PpuMI compatible ends with a PpuMI-digested adenovirus vector, sponge constructs with a variable number of MBS were generated in a single ligation reaction (Fig. 1D) .
Gene transfer vectors
The miR-21 sponge oligonucleotide and the reverse complementary sequence were synthesized by the Beijing Genomics Institute (Shenzhen, China). The sequences were as follows: sense, 5'-GTCGG TCAACATCAGGACAATAAGCTAAATTTCAACAT CAGGACAATAAGCTA GG -3'; and antisense, 5'-GACCCTAGCTTATCAGACTGATGTTGAAATTT AGCTTATCAGACTGATGTTGACC-3'. The two oligonucleotides were annealed to make a double-stranded DNA fragment with PpuMI overhangs. The sponge linker oligonucleotide and the reverse complementary sequence were synthesized by the Beijing Genomics Institute. The sequences were as follows: i) 5'-TCGAGCCTGGATATCGACGGGTC CCGACTCTAGAGACA-3'; and ii) 5'-GATCTGTCTC TAGAGTCGGGACCCGTCGATATCCAGGC-3'. The control sponge was as described previously [18] . The adenovirus vector was constructed and propagated in 293T cells according to standard protocols [19] . The virus transduction titer was 1.5x10 10 plaque forming units (pfu)/ml, as determined by a plaque titration assay on the 293T cells.
VSMC isolation, culture and gene transfer
Primary rat VSMCs were isolated from the aortas of male Sprague-Dawley (SD) rats (150 -180g) by the explant method, as previously described [20] . For the infection of VSMC, cells were incubated with Ad-miR-21-SP for 48 h. The Ad-GFP control sponge (Ad-Control-SP) was used as a negative control.
Proliferation assays
The methods of the VSMC proliferation assay were as described previously [21] . VSMCs were plated in 24-well plates and grown to 60% confluence.
VSMCs were serum starved for 24 h and stimulated with platelet-derived growth factor (20 ng/ml) for 48 h, following which cell proliferation was assessed by cell counting and BrdU assays. BrdU incorporation assays were performed according to the manufacturer's instructions (Roche Diagnostics, Basel, Switzerland). The experiment was repeated three times independently. 
Surgical procedure and therapeutic interventions
Male SD rats (200-250g) underwent interposition bypass grafting of the autologous jugular vein to the carotid artery (n = 6 for each group at each time point). The procedure used for vein grafting was similar to that described previously [22] . To locally deliver Ad to the vein graft walls and avoid any potential systemic side effects, we applied an established local delivery model via the F-127 pluronic gel, as previously described [6, 23] . Briefly, Vein segments were gently flushed to remove residual blood, and approximately 100 µl Ad solution was infused under gentle distending pressure for 30 minutes at room temperature. The vein wall remained well-distended for the duration of the virus incubation period. Then after end-to-end anastomoses of the vein segment to common carotid artery, 100 µl Ad solution was preloaded into 100 µl 20% F-127 pluronicgel containing 0.25% trypsin at 4°C, and was gently painted around the grafted vein segments including the anastomosis sites. All the protocols involving experimental animals were approved by the Institutional Animal Care and Use Committee of the Chinese University of Hong Kong, and all the experimental procedures complied with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD, USA). All experimental methods were performed in accordance with the approved guidelines. All efforts were made to minimize animal suffering.
Statistical analysis
Values are presented as the mean ± standard deviation. Comparisons were made using the Student's t-test or analysis of variance, and P <0.05 was considered to indicate a statistically significant difference. SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA), was used for all statistical analyses.
Results
miR-21 sponge inhibits miR-21 expression and VSMC proliferation
With the 1:1000 vector/duplex ratio ligation, the mean number of MBS was 8.5 (range 4-20) in a total of 40 colonies, and 34% of all analyzed clones had 8 or more MBS. Sequencing (Beijing Genomics Institute) of 16 clones containing different inserts and insert lengths confirmed the expected number of MBS in the correct orientation for all the clones.
To knockdown miR-21, VSMCs were infected with Ad-miR-21-SP containing 4-12 of miR-21 MBS. Compared with the empty vector, Ad-miR-21-SP inhibited the expression of miR-21, with increasing numbers of MBS producing a stronger effect following 48 h of infection ( Fig. 2A) . The miR-21 sponge with 4 MBS showed a mild inhibitory effect, whilst sponges with 8 and 12 MBS showed almost identical significantly strong inhibitory effects. By contrast, no miR-21 inhibition was observed in the vehicle and Ad-Control-SP groups. We therefore used Ad-miR-21-SP with 12 MBS in the subsequent experiments. As shown in Fig. 2B and C, Ad-miR-21-SP significantly decreased the number of proliferating cells compared with the vehicle and Ad-Control-SP groups, measured using cell counting and BrdU incorporation assay. 
Animals and systemic measurements
All rats successfully received a vein graft. A single rat in the Ad-miR-21-SP group died during the induction of anesthesia. All animals that recovered from the first operation survived the entire period of observation. No significant differences were noted in the behavior or feeding habits between the treated groups. There was no significant difference in body weight between the Ad-Control-SP (n = 6 per time point) and Ad-miR-21-SP group (n = 6 per time point) following the operation (228.9±8.6 g vs 223.4±6.9 g at 7 days, P =0.126; 243.6±4.7 vs 240.3±6.3, P = 0.187 at 14 days; 256.6±3.4 vs 253.3±4.1, P =0.764 at 28 days). Body temperatures were also similar between the control and the Ad-treated groups in the 7 days following surgery (Fig. 3) . The vein grafts from the Ad-miR-21-SP group were all patent at 3 weeks; however, one graft in the Ad-Control-SP group was completely occluded due to thrombosis at 3 weeks.
miR-21 sponge decreases miR-21 expression in vivo
In the present study, the vein grafts were isolated at 7, 14 and 21 days after surgery, and the uninjured veins in the sham group served as controls. As shown in Fig. 4A , miR-21 expression was significantly upregulated in the vein grafts compared with the sham group. In subsequent experiments, we applied sponges to knockdown the expression of miR-21 using Ad-miR-21-SP. As shown in Fig. 4B , treatment with the miR-21 sponge significantly decreased miR-21 expression in the vein graft wall at 14 days compared with Ad-Control-SP.
miR-21 sponge improves hemodynamics of vein grafts
The size differences between the native artery and the vein graft were noted, in particular when relatively large diameter vein grafts were anastomosed to relatively small diameter arteries. In such a case, the blood flow velocity of the vein grafts either in the Ad-Control-SP treated group or Ad-miR-21-SP treated group was lower than in the native carotid arteries, however the difference was not statistically significant (Fig. 5A) . When measured again at 28 days after surgery, the peak-systolic velocity (PSV) in the anastomosis of the vein grafts was significantly lower in the Ad-miR-21-SP compared with the Ad-Control-SP treated grafts (115.5±4.9 cm/s and 148.8±27.3, respectively; P = 0.005; Fig. 5B ). There was no significant difference in the velocity in the contralateral carotid arteries (Sham group) compared with the Ad-miR-21-SP treated grafts (108.6±9.8 vs. 115.5±4.9 cm/s, respectively; P = 0.069). Consistent with the velocity shown in Fig. 5B , the PSV ratio was significantly lower in the Ad-miR-21-SP treated grafts compared with the Ad-Control-SP treated grafts at 28 days after surgery (1.86±0.42 vs 1.32±0.26; P = 0.004). Fig. 6 presents the quantitative morphometry of hematoxylin and eosin (HE) sections at 28 days, indicating that the neointimal area was significantly decreased in the Ad-miR-21-SP treated grafts compared with the Ad-Control-SP treated grafts (128.3±5.2 vs 43.6±8.6, respectively, P < 0.0001; Fig.  6A) . Similarly, the neointimal thickness of the Ad-miR-21-SP treated group was reduced by 56% compared with the Ad-Control-SP (96.9±9.5 vs 40.8±8.4, respectively, P = 0.0006; Fig. 6B ). In addition, the neointima to media ratio, which is a more sensitive parameter for assessing relative changes in intima and media thickness, is shown in Fig. 6A . The neointima/media thickness ratio was significantly decreased in the Ad-miR-21-SP treated grafts compared with the Ad-Control-SP treated grafts (1.38±0.08 vs 0.6±0.10, P < 0.0001; Fig. 5B ).
miR-21 sponge inhibits vein graft neointima formation
miR-21 sponge suppresses VSMC proliferation in vivo
It is known that VSMC proliferation and neointimal migration are the major causes of neointimal hyperplasia. In order to obtain further insight into whether Ad-miR-21-SP affected VSMC proliferation in vein graft remodeling, we examined the expression index of PCNA in the vein graft sections at 28 days after surgery. The number of proliferating cell nuclear antigen (PCNA)-positive VSMCs was calculated, and was compared with the total number of VSMCs in that field to produce the PCNA index as determined by the HE-stained image.
Representative immunofluorescence of PCNA and its negative control is shown in Fig. 7 , and the vein grafts treated with Ad-miR-21-SP were observed to substantially reduce the upregulation of the cell proliferative marker PCNA in the vein grafts (34.9±10.8 vs. 14.6±9.4%, P = 0.0032) at 28 days after surgery, compared with those infected with Ad-GFP.
A strategy which would prevent intimal hyperplasia and restenosis while preserving the endothelium is the aim for gene therapeutic intervention [1] . Therefore, we evaluated whether Ad-miR-21-SP simultaneously accelerated endothelial cell proliferation and the regeneration of the injured endothelium. At 28 days following surgery, the vein graft sections were stained with lectin Dolichos biflorus agglutinin to detect vascular endothelial cells, however, no significant differences in the luminal coverage of endothelial cells were observed between the groups (data not shown).
PTEN is a target gene of miR-21 in vein grafts
miR-21 has previously been shown to target PTEN mRNAs, leading to reduced expression of the gene products in VSMCs [11] . Therefore, we then determined whether PTEN was a potential target gene of miR-21 that may contribute to vein graft neointimal formation. As shown in Fig. 8 , PTEN was downregulated in vein grafts compared with the sham group at 28 days after surgery. In the Ad-miR-21-SP-treated vein grafts, the expression levels of PTEN were upregulated (Fig. 8) . These results are similar to a previous study. 
Discussion
Vascular anastomosis performed with sutures is the cornerstone of cardiovascular surgery. However, the long-term benefit of bypass surgery is limited by the development of neointimal formation within the vein graft. To date, no optimal treatments are available for vein graft failure [24] . Therefore, further studies on the development of effective therapies that inhibit the formation of neointimal hyperplasia to improve the long-term patency of vein grafts are required.
It is well established that the phenotypic modulation of VSMCs plays a critical role in the pathogenesis of a variety of proliferative cardiovascular diseases, including postangioplasty restenosis, bypass vein graft failure, arteriole hypertension and transplantation arteriopathy [25] . The phenotypic modulation in VSMCs is accompanied by significantly accelerated proliferation and migration, and the production of extracellular matrix components. Ultimately, these cellular events result in the formation of vascular neointima, which is the main pathological lesion in long-term vein graft failure. As previously mentioned, treatment of vein graft failure should aim to reduce VSMC activation, migration and proliferation.
The selection of the correct target for gene therapy applications is one of the biggest challenges faced by gene therapists. Currently, multiple lines of evidence suggest that miRNAs play pivotal roles in the control of VSMC function and the response to vascular injury through targeting transcription factors or key signaling molecules involved in VSMC proliferation and migration. miR-21 has been identified as an important regulator of VSMC proliferation and neointimal lesion formation via its target genes PTEN and Bcl-2. In cultured cells, upregulation of miR-21 resulted in increased VSMC proliferation and decreased VSMC apoptosis. By contrast, inhibition of miR-21 decreases the proliferation of VSMCs, and increases apoptosis. In vivo, inhibition of miR-21 decreases neointima formation in the rat carotid artery after balloon injury [11] . On the basis of the same mechanism, overexpression of miR-21 induces the proliferation of VSMCs in the aortic wall predominantly through the inhibition of PTEN, and thus protects against accelerated murine aortic aneurysm progression and rupture [26] . In the present study, we found that miR-21 expression was significantly increased in the vein graft walls with neointimal proliferation. Moreover, treatment with Ad-miR-21-SP reduced the proliferation of cultured VSMCs. Our recent data supports that miR-21 is associated with the proliferation of VSMCs, and suggests that local delivery of miR-21 inhibitors is an effective therapeutic means for the prevention of neointimal hyperplasia in vein grafts.
To achieve prolonged inhibition of miR-21 in vivo, we designed a directional cloning method to rapidly and efficiently generate miRNA-21 sponge constructs with varying sizes using a single ligation reaction (Fig. 1) . We believe that miRNA sponges with more than 10 MBS can be easily generated by this directional cloning strategy. Furthermore, we successfully used miR-21 sponges against miR-21 to determine the effect on VSMC growth. miRNA sponge technology is an innovative method used to generate RNAs that contain multiple tandem complementary MBS against an miRNA of interest. When vectors encoding the miRNA sponges are transiently transfected into cells, miRNA sponges can be expressed to reduce the miRNA targets as strongly as the conventional anti-miRNA oligonucleotides fragments.
In addition, synthetic inhibitor oligonucleotides are effective for short-term experiments but are not suitable for long-term experiments due to degradation and dilution caused by cell proliferation [27] . By contrast, the experimental application of miRNA sponges is particularly useful in long-term experiments. These competitive inhibitors are transcripts expressed from strong promoters (i.e. cytomegalovirus), containing multiple tandem MBS against miRNA targets.
We applied Ad-encoding miR-21 sponges by directly painting them onto vein grafts using a poloxamer gel to prolong viral contact with the vein grafts, and used low concentrations of trypsin to increase viral penetration. The current study observed that 20% poloxamer hydrogel containing a low concentration of trypsin enhanced miR-21 sponge delivery to the vein graft wall. Our data suggests that luminal gene delivery using infusion under gentle distending pressure combined with the painting delivery method of the Ad/poloxamer/trypsin complexes is a safe and highly efficient method of ex vivo gene transfer to vein grafts.
Poloxamer F127 is a synthetic polymer that is a liquid at colder temperatures (4 to 5°C) and gelatinous at body temperature, and has a good solubilizing capacity and low toxicity, and therefore is considered a good medium for drug delivery systems [23] . This unique property allows solutions containing poloxamers and other compounds to be mixed well at colder temperatures and then solidified into a gel to prolong contact time and induce a slow release of the transgene into target organs at body temperature [28] . March et al. were the first to report that the combination of adenoviruses with poloxamers significantly increased the gene transfer efficiency in a culture of VMSCs up to 10-fold [29] . Kikuchi et al. reported for the first time that complexing the virus to the gelatinous poloxamer with mild trypsin and applying it directly to the atria enabled specific delivery, and resulted in 100% transmural gene transfer using the epicardial painting method [28] . Handa et al. demonstrated that the incorporation of trypsin into the poloxamer hydrogel significantly increased vessel wall gene transfer. In addition, trypsin at 0.25 and 0.5% resulted in greater gene transfer at the same level without affecting intimal hyperplasia and inflammation [23] . Furthermore, we suggest that removing as much of the perivascular fat from the vein grafts as possible has the potential to extend this gene transfer method. In addition, the animal temperature and hemodynamic parameters were assessed after Ad exposure.
miRNAs are involved in the pathogenesis of various cardiovascular diseases and have become an intriguing target for therapeutic intervention, and investigating the role of miRNAs in cardiovascular disease is a new dimension for cardiovascular research. Considering the vast number of miRNAs and the profound effects of those currently identified on the cardiovascular system, it is certain that many new and unanticipated roles of miRNAs in the control of cardiovascular function are waiting to be discovered. Further information regarding the functions of these aberrantly expressed miRNAs in cardiovascular disease is required. More importantly, identifying their gene targets and the signaling pathways responsible for their cardiovascular effects is critical for future studies. Progress during further studies of gene expression inhibition techniques, such as miRNA sponges, is likely to result in the development of miRNA or miRNA cluster-based therapy, and a combination of miRNAs and/or miRNA cluster treatment strategies for the prevention of neointimal formation and atherosclerosis in vein grafts. In addition, increased safety and efficiency of gene delivery systems will be required in additional studies. In addition to the use of miRNAs as therapeutic targets, they may serve a valuable functional assessment method for vein graft pathologies. Furthermore, we should be aware that research into the roles of miRNAs in cardiovascular disease is at an early stage, and there remains a long way to go before miRNA-related therapies can be widely applied to clinical practice. Recent studies have demonstrated that endothelial-derived cells contribute to neointimal formation through endothelial-to-mesenchymal transition (EndMT) during vein graft remodeling [30] . Similar to epithelial-to-mesenchymal transition (EMT), EndMT is the process by which endothelial cells lose their cell-specific markers and morphology and acquire a mesenchymal cell-like phenotype. Furthermore, it has been reported that miR-21 is involved in cardiac TGF-β-mediated EndMT via the PTEN/Akt pathway [31] . These previous studies established EndMT is an important mechanism underlying neointimal formation in vein grafts, and miRNAs are critical endogenous regulators for EndMT in vascular pathology. Therefore, the identification of additional miRNAs and analysis of the functions in EndMT may provide new insights into the mechanisms of neointimal formation in vein grafts. Future studies will move research on the function of miRNA in this field to the next level. The ultimate goal, of course, is the development of new safe and efficient therapeutic strategies for vein graft failure.
Rat model is one of the most common animal models for studying vein graft failure and therapeutic interventions. By 3 days after graft, the VSMC in the vein graft have changed to a synthetic phenotype. By 7 days there is an increase in graft thickening, and adventitial vascularisation gradually increases for the next 3 weeks [32, 33] . The endothelial repair was almost completed on the suture line as well as on the stitches by 14 days. There is a robust increase in vein graft thickening at 7 days and neointimal hyperplasia was generated at 14 days, which continues to develop during 12 weeks after vein grafting [33] [34] [35] . Vein grafts generate a thick neointima after 4 weeks, which significantly reduced the lumen of the vessel. Therefore, we usually choose to follow up at 4 to 6 weeks considering the cost of study. We regret that we are unable to have a longer follow-up. Therefore, short term follow up is a limitation of this study.
Conclusions
The present study identified that miR-21 is a key regulator of vein graft failure by targeting, at least in part, the PTEN gene. miR-21 expression was substantially upregulated in proliferating VSMCs and vein grafts with neointimal hyperplasia after bypass surgery. Knockdown of miR-21 by miR-21 sponges suppressed VSMC proliferation and neointima formation in vivo. Although miR-21sponge inhibited neointimal lesion formation significantly compared to control group (Ad-Control-SP group), local delivery of miR-21 sponge partial prevents neointima formation. These results suggest that there is potential for the use of miR-21 sponges in preventing vein graft failure.
